The RF front-end performances in the far-field condition of reconfigurable antennas employing two commonly used RF switching devices (PIN diodes and RF-MEMS switches) were compared. Two types of antennas (monopole and slot) representing general direct/coupled feed types were used for the reconfigurable antennas to compare the excited RF power to the RF switches by the reconfigurable antenna types. For the switching operation of the antennas, a biasing circuit was designed and embedded in the same antenna board, which included a battery to emphasize the antenna's adaptability to mobile devices. The measurement results of each reconfigurable antenna (radiation patterns and return losses) are presented in this study. The receiving power of the reference antenna was measured by varying the transmitting power of the reconfigurable antennas in the far-field condition. The receiving power was analyzed using the "Friis transmission equation" and compared for two switching elements. Based on the results of these measurements and comparisons, we discuss what constitutes an appropriate switch device and antenna type for reconfigurable antennas of mobile devices in the far-field condition.
Introduction
The rapid development of electronics and wireless communication has led to great demand for mobile devices that can operate across various broadcasting, voice, and Internet standards. In addition, most consumers also now demand smaller form factors for their mobile devices. These requirements have triggered research on the design of compact and multiband antennas [1] [2] [3] [4] . Single-antenna elements with a single-feed port that can operate over multiple frequency bands have mainly been implemented using wide-band or multiband antenna techniques [1] [2] [3] [4] . However, these antenna techniques require increased volume and have low radiation efficiency compared with single-antenna elements for singleband operation. In addition, wide-band antennas generally have higher-mode beams, which are not desired in omnidirectional communication environments within operational frequency bands [4] . To operate multiple-frequency bands with an improved radiation efficiency and pattern, frequency reconfigurable antennas have recently been introduced. However, their use of RF switches, such as diodes and MEMS switches, means that they suffer from radiation losses [5] [6] [7] [8] [9] [10] [11] [12] . Frequency reconfigurable antennas use their application bands separately; therefore, they have better radiation efficiency and can also be made to have omni-directional radiation patterns instead of higher mode beams [5] [6] [7] [8] [9] [10] [11] [12] . the far-field condition of reconfigurable antennas employing various RF switching devices has not been experimentally analyzed. This is one of a number of important issues in realizing practical applications of reconfigurable antennas in the wireless communication environment. It is expected that RF features such as the receiving power level, the power linearity, the power rating, and the radiation pattern of reconfigurable antennas will be affected by the RF switching element and the antenna types selected, especially in the commercial mobile environment. RF switching devices such as PIN diodes and RF-MEMS switches are the basic building components for reconfigurable antennas. The RF switching is normally accomplished by using semiconductor devices such as diodes or field-effect transistors (FETs). Recently, PIN diodes have been used for the RF switching of a reconfigurable antenna for the purpose of multifrequency band operation [5, 6] , beam steering [13] [14] [15] , and dual-polarized radiation [19] . However, these semiconductor devices have a low ( < 3 @10 GHz) at high frequencies and, therefore, exhibit high insertion loss [19] . In addition, PIN diodes consume significant amounts of power, typically greater than 25 mW, in the low-loss ON-state, whereas RF-MEMS switches require nearly zero power to electrostatically hold the switch closed [20] [21] [22] . Thus, the use of RF-MEMS switches has provided a reliable alternative to semiconductor devices [7] [8] [9] [10] [11] [12] [15] [16] [17] [18] . The RF-MEMS switches have a high ( > 10 @10 GHz) compared to the semiconductor devices [20] [21] [22] . Also, the RF-MEMS switch consumes virtually zero DC power at normal operation and only dissipates power during the switching transition. However, the RF-MEMS switches also have disadvantages such as high cost and low reliability. In addition, RF-MEMS switches generally require a very high bias voltage of 20∼100 V for reliable switching operation. This requirement necessitates the use of a voltage upconverter chip in portable telecommunication systems. Although the RF performances of RF-MEMS switches are better than those of the PIN diodes, we cannot disregard the complexity of the biasing circuit. On the contrary, the PIN diodes need less complicated biasing components. Although they show higher insertion loss, there should be a tradeoff between the two RF switching elements. As mentioned above, there are conspicuous differences in the characteristics of PIN diodes and MEMS switches. Although we can estimate the electrical performance of the reconfigurable antennas using the datasheet of the switches, no detailed research is available about the reconfigurable antenna's performance in terms of the switch's and the antenna's structure, especially for the power handling capability and the linearity of the switches mounted in the antennas.
In this paper, we measured, compared, and analyzed the RF performances of reconfigurable antennas in the farfield condition by employing two types of representative antenna (monopole and slot) and two types of representative RF switches (a PIN diode and an MEMS switch). Figure 1 shows the conception diagram. First of all, we designed two types (a monopole and a slot) of reference antennas and four types of reconfigurable antenna (a monopole with PIN Diodes I and II, a monopole with an MEMS switch, a slot with PIN Diodes I & II, and a slot with an MEMS switch) and measured each antenna's performance, including its radiation pattern and its reflection coefficient. The reference antennas were used as directly exited to the RF switch in the monopole antenna and were indirectly exited to the RF International Journal of Antennas and Propagation 3 switch in the slot antenna due to the coupled feed use. This effect on the RF switch determined the power rating of the reconfigurable antenna depending on the antenna types. To analyze the electrical performance of the proposed antenna, we measured the receiving power of the reference antennas in the far-field condition (2.5 m) for various levels of transmitted power. The transmitted power of the reconfigurable antennas in the switch ON-state was up to 35 dBm, which is over 24 dBm (power class 3) or 27 dBm (typical cellular phone transmission power: power class 2) of the general maximum handling power of commercial mobile devices. The receiving power was calculated using the "Friis transmission equation" and compared with the measured results for the four types of reconfigurable antennas. The relation between the transmitted and the receiving power was also examined to check the linearity of the reconfigurable antennas. Based on these measurements and comparisons, we discuss what constitutes an appropriate switch device and antenna type for reconfigurable antennas in the far-field condition, especially for the mobile communication environment. 
Reference Antennas

Simulation and Measurement
Results. The simulated and measured reflection coefficients ( 11 ) of the two reference antennas are shown in Figure 3 . The 11 of the antennas was less than 10 dB at 2 GHz in the monopole antenna and at 2.8 GHz in the slot antenna. The bandwidth (10 > 11 (dB)) of the antennas was 350 MHz (17.5%) for the monopole antenna and 150 MHz (5.3%) for the slot antenna. Figure 4 shows simulated and measured radiation patterns in the reference plane (xz-plane) at the operating frequencies of both antennas. As we expected, the overall pattern was omnidirectional. The maximum antenna gain was 2.4 dBi for the monopole antenna and 4.7 dBi for the slot antenna. The radiation efficiencies of the monopole antenna and the slot antennas were 97.3% and 90.2%, respectively. The slot antenna exhibited higher gain and lower efficiency than themonopole antenna because the radiation beam pattern of the slot antenna is directive. The attributes of the reference antennas, such as their measured radiation pattern, maximum gains, and efficiencies, satisfy the general characteristics of typical monopole and slot antennas in previous research [5] .
Reconfigurable Antennas with RF Switches
Configuration of the Reconfigurable Antenna with PIN
Diodes. We present two kinds of reconfigurable antennas (a monopole and a slot antenna) with RF switches (a PIN diode and an MEMS switch). Both antennas were designed on For the monopole antenna, the size of the substrate was 30 mm ( mr ) × 60 mm ( mr ), and the length of the ground plane was 30 mm (GL ). Top and bottom ground planes were connected via holes. A single RF switch (SW ) was placed in series between two sections of the monopole radiator. When the SW was in the OFF-state, the length of the antenna was 6.9 mm (AL2), and the radiator operated at a high frequency, 5 GHz. On the other hand, when the RF switch was in the ON-state, the electrical length of the antenna was 20 mm (AL1), and the antenna operated at a low frequency, 2 GHz. For the slot antenna, the size of the substrate was 70 mm ( sr ) × 70 mm ( sr ), and the dimension of the slot was 47.5 mm (SL) × 2 mm (SW). The length of the coupled FL was 34.9 mm, and the width of the feed line was 2 mm for a characteristic impedance of 50 Ω. Two RF switches (SW 1 and SW 1) were placed in parallel between the slot in the bottom ground. When the two switches (SW 1 and SW 1) were in the OFF-state, the electrical length of the slot was 47.5 mm (SL), and the corresponding resonance frequency of the antenna was 2 GHz. On the other hand, when the switches were in the ON-state, the electrical length of the slot (SL1) was 30.5 mm, and the corresponding resonance frequency of the antenna was 2.8 GHz. Figure 6 shows the configurations of both reconfigurable monopole and slot antennas with the PIN diodes, including the biasing network. In this structure, the cathodes of the diodes are connected to the direction of the feeding input for the monopole and the ground for the slot. In addition, the anodes of the diodes are connected to the positive terminal of a DC battery in both antennas. In the forward bias of DC 1 V, the current can pass through the diodes electrically in the so-called switch ON-state; in the reverse-bias of DC 0 V, no current flows through the diodes; this is the so-called switch OFF-state. The top-side PCB of both antennas was configured by a feed line, and the bottom side of the PCB was composed of a switch bias circuit, including a DC battery to supply a DC-voltage, a dip switch to control the DC bias, and inductors to block the RF signal and noise. Inductors of 470 nH were used for RF choking in both antennas. For the slot antenna, two capacitors of 10 pF were used to improve the isolation characteristic between the RF and the DC signal. The DC was directly supplied to the radiator in the top side through a via-hole in the monopole antenna, and it was supplied to the slot in the bottom ground through a via-hole in the slot antenna. The RF equivalent circuit of the PIN diode is shown in Figure 7 . In the ON-state (forward bias), the PIN diode mainly behaves as a current-controlled resistor, which is expressed by a series resistor ( ) connected in series with a fixed inductor (L). The series resistance can be inversely varied with the forward current over a range from a few tenths of Ohm to about 10 K Ohms. Also, in the OFF-state (reverse bias), the equivalent circuit consists of the shunt combination of the intrinsic-layer capacitance ( ) and the parallel resistance ( ) in series with the fixed inductance (L). The reactance and the resistance of the depleted intrinsic layer are represented by and , respectively, and contains the stray capacitance due to the effects of the diode's package structure as well as those of the junction's capacitance. In this study, we used two types of diodes to check the performance differences by the diode type: MPP 4203 (Diode I) of Microsemi and BAR64 (Diode II) of Infineon technology. The PIN diodes used in the reconfigurable antennas were modeled as follows. First, the equivalent R-L-C circuit models for Diode I, including the parasitic packaging effects, were extracted from the PIN diode's datasheet. In the ON-state, the diode equivalent circuit was represented by a resistor, (3 Ω), with a fixed series inductor L (0.2 nH), whereas in the OFF-state, the equivalent circuit was mainly represented by a capacitor, (0.1 pF), with a parallel resistor, (100 kΩ), and an inductor, L (0.2 nH). In another model for Diode II, the equivalent circuit was represented by a resistor, (2.1 Ω), with a fixed series inductor, L (0.6 nH), in the ONstate, whereas in the OFF-state, the circuit was represented by a capacitor, (0.17 pF), and a parallel resistor, (3 kΩ), with the inductor L (0.6 nH). The photographs of the top and the bottom sides of the fabricated reconfigurable antennas with the PIN diodes are shown in Figure 8 .
Configuration of the Reconfigurable Antenna with RF-MEMS Switch.
We present two kinds of reconfigurable antennas with MEMS switches fabricated on the same substrate (FR-4; = 4.4, tan = 0.02) of 1 mm thickness, as shown in Figure 9 . RMSW 201 of Radant Inc. was selected as the MEMS switch for the reconfigurable antennas. The switch has a volume of 1.9 × 1.85 × 0.6 mm 3 [23] . For the installation, we glued the bottom of the switch with epoxy onto the antenna's substrate and baked it on a hot plate. Afterwards, it was wire-bonded to the antenna's lines and a biasing block. The MEMS switch has electrostatically actuated cantilever beams connected in a three-terminal configuration. Its functionality is analogous to that of an FET. Thus, the terminals are labeled as a source (S), a drain (D), and a gate (G). In contrast to the PIN diode, the MEMS switch used mechanical movement to realize a short or an open circuit. By applying a high voltage between the two metal plates, one metal plate moved downward or upward to contact the other metalized terminals. In general, a high DC voltage (e.g., 100 V) was required to control the mechanical switching with high switching reliability. The gate electrode of the MEMS switch was connected with gold (Au) wire to the biasing circuit. The drain and the source bias pads were bonded on either side of the slot radiator. As shown in Figure 9 (a), the switch was embedded between two microstrip monopole radiators in series. The switch operated in a similar manner to the PIN diode. When a bias voltage of 100 V was applied, the switch changed to the state of forward bias (ON-state). Thus, the radiator's length was electrically lengthened, and the antenna could operate in the low-frequency band of 2 GHz. In addition, we changed the MEMS switch to the reverse-biased (OFF-state) state by applying a 0 V high-frequency band operating at 5 GHz. The monopole antenna with the switch included a bias circuit for the switch control. The top side of the PCB was designed to include a radiator with an MEMS switch. The switch bias network included a DC battery, and the bottom side contained a DC-DC converter. The DC bias line had a resistor (100 kΩ) to control the operating current for the switch, and an inductor (470 nH) was used for RF choking. The DC signal line was connected to the radiator through a hole in the structure of the reconfigurable slot antenna. When 0 V was applied to the two MEMS switches, the switch was in the reverse-biased state (OFF-state). In this condition, the electrical length of electrical length of the slot was lengthened, and the antenna operated at 2 GHz. When we applied 100 V, the slot radiator was electrically shortened for high-frequency band operation of 2.8 GHz by the forwardbiased (ON-state) switch. The switch-bias network of the top side of the PCB was configured to include a coupled feed line, dip switch, an inductor, and a resistor. The bottom side of the PCB was composed of DC-DC converter circuitry, which included a battery. In the DC bias circuit, the resistor was 100 kΩ, and the inductor was 470 nH. In addition, the shunt capacitor (1 F) was also used to protect the MEMS switch from a transient voltage.
The equivalent circuit of the MEMS switch is presented in Figure 10 . Typically, when the switch was in the ONstate (>90 V), the resistance ( ) was 0.7 Ω, and the series inductance ( ) was 0.15 nH. When the switch was in the OFF-state (0 V or no bias), the inductance ( ) was 0.15 nH, and the series capacitance ( up ) was 80 fF in an up-state. The high-bias voltage (100 V) for the MEMS switch was provided by a DC-DC converter, which was designed mainly with a commercial voltage convertor, MAX5025 (Maxim Inc.), as shown in Figure 11 , where cc is the input supply voltage, FB is the feedback, SHDN is the shutdown voltage, and LX is the drain of the internal 40 V N-channel DMOS [23] . In this circuit, D1 is a Schottky diode, (ZHCS500, of Zetex Inc.), and D2∼D5 are silicon switching diodes (1N914 of Microsemi Inc.). C1-C5 are ceramic capacitors of 0.1 F. Using (1), we can control the output voltage of the convertor [24] . The calculated resistance was 1 = 83 kΩ and 2 = 1 MΩ for a 100 V bias voltage for the MEMS switch. Figure 12 shows the photographs of the reconfigurable antenna with the MEMS switches:
(1) Figure 13 shows the measured reflection coefficients ( the reconfigurable slot with the MEMS switch was narrower than that of the diodes in the ON-state, 130 MHz (4.6%), and was slightly wider than that of the diodes in the OFFstate, 180 MHz (9%). In addition, the bandwidth of the reconfigurable slot antenna with the diodes and the MEMS switch in the ON-state was more than 60 MHz wider and 20 MHz narrower, respectively, than that of the reference antenna, as mentioned in Section 2, owing to the RF switches' use. Figure 14 shows the radiation patterns in the xz-plane when the switch was in the ON-state in both reconfigurable monopole/slot antennas. Figure 14 (a) shows the measured results at a low band of 2 GHz for the reconfigurable monopole antenna, and Figure 14 (b) shows the measured results at a high band of 2.8 GHz for the reconfigurable slot antenna. The measurements of the peak gain and the radiation efficiency for the reference and the reconfigurable antennas are summarized in Table 1 . Both radiation patterns of the reconfigurable monopole/slot antennas were omnidirectional. The peak gains of the reconfigurable monopole antennas were 2.2 dBi, 1.5 dBi, and 1.1 dBi for the MEMS switch, Diode I, and Diode II, respectively. The peak gains of the reconfigurable slot antenna were 3.3 dBi, 2.7 dBi, and 2.5 dBi for the MEMS switch, Diode I, and Diode II, respectively. Meanwhile, the efficiencies of the reconfigurable monopole and slot antennas were 63∼89% and 48∼77%, respectively. The peak gains of the reconfigurable antennas with the RF switches were lower than those of the reference antennas for both the monopole and the slot antenna, in the following order: MEMS > Diode I > Diode II. The order of the losses was MEMS switch < Diode I < Diode II. This will be discussed in Section 4 (the next section). The reconfigurable slot antennas had higher gain and lower efficiency than those of the reconfigurable monopole antennas because the radiation beam patterns of the slot antennas are more directive than those of the monopole antennas. Moreover, the gains and the efficiencies of the reconfigurable antennas were lower than those of the reference antenna owing to the latter's use of the RF switch.
Measurement Results of the Reconfigurable Antennas.
Performance Analysis of the Reconfigurable Antenna in the Far-Field Condition
Measurement Setup.
The RF performance of the reconfigurable antenna with the RF switches was investigated in relation to the radiating power and the linearity. Figure 15 shows the measurement setup for the radiating RF power of the reconfigurable antennas (ON-state) in the far-field condition (2.5 meter). The reference antenna was located at the RX part (receiver), and the reconfigurable antenna was located at the TX part (transmitter). Figure 16 shows the measurement setup of the TX part. In this region, the RF signal was produced using a signal generator (N9310A, Agilent). The generated ON-state frequencies of both the reconfigurable monopole and slot antennas were 2.0 and 2.8 GHz, respectively. A power amplifier with a maximum available output power of 40 dBm was used to amplify the signal from the generator because more than 24 dBm (power class 3) or 27 dBm (typical cellular phone transmission power: power class 2) of TX power was required, supposing that there is a maximum TX power of a typical small mobile [25, 26] . Even more power, up to 35 dBm, was required for the linearity check of RF switches in the reconfigurable antenna. A coupler and a power meter (N1911A, Agilent) were used to measure the input power in the reconfigurable antenna. In addition, two isolators were used to enhance the matching condition among the components and to protect the components from the reflected signal power. Finally, the RX power through the reference antenna was read with a spectrum analyzer. Figure 17 shows the real test setup in the anechoic chamber of Orbit-FR Inc. All the tests were performed in the far-field condition of 2.5 m, and the test components were installed on the chamber ground and placed behind the antennas so as not to affect the test results by signal scattering.
Linearity and Power Handling Capability of the Diodes.
In diodes in the reconfigurable antennas of mobile phones or other wireless terminals, linearity and power handling capability are important issues. In general, as the transmitting power increases, the measured output power should also linearly increase proportionally to the input power. However, nonlinear characteristics of diodes cause highorder intermodulation distortion, which results in a deviation from the linear relationship of the input and the output power. The average output power of the mobile terminal for 2nd generation CDMA and 3rd generation WCDMA for multimedia communication services is about 10 dBm in suburban areas and 5 dBm in urban areas. The maximum output power is 24 dBm (power class 3) or 27 dBm (typical cellular phone transmission power: power class 2) for WCDMA terminals and 3G mobile phones [25, 26] . Thus, it is important to evaluate the power rating and the linearity of the switching devices used in the reconfigurable antenna for the typical operation of the terminals. In this aspect, we investigated the maximum available power and the linearity of the switching components. The Diodes I and II were embedded in a microstrip line in series, and we measured the output power using the spectrum analyzer by increasing the input power from 0 dBm to 35 dBm. The photograph of the fabricated circuit and the test results of the diodes are shown in Figure 18 . The results confirmed that the power rating (DPR) of both diodes is about 32 dBm and that the linearity of both diodes is also preserved up to the power rating (32 dBm). The findings confirm that the diodes are appropriate for commercial mobile devices within 24 dBm, which is the maximum power (24 dBm) of a mobile in terms of linearity and power-handling capability. We did not assess the power of the MEMS switch because the MEMS switch generally can be operated stably above 33 dBm [25] .
Receiving Power and Linearity of the Reconfigurable
Antennas. We experimentally analyzed the performance of the reconfigurable antennas as well as that of the reference antennas, to compare the receiving power and the linearity of the reconfigurable antenna using RF switches in the farfield condition. In this test, we increased the input power of the antenna (reference and reconfigurable) in the TX part using a signal generator from 0 dBm to 35 dBm, and we measured the receiving power through the reference antenna of the RX part using the spectrum analyzer. Figures 19 and 20 show the plot of the measured receiving power level of the monopole antenna (ON-state, 2 GHz) and the slot antenna (ON-state, at 2.8 GHz). Table 2 provides a summary of the calculations and measurements of the receiving power. To compare the calculated and the measured receiving power, we used Friis's formula in (2), which gave the power received by one under idealized conditions given that another antenna some distance away is transmitting a known amount of power:
where is the power received by the RX antenna, is the transmitting power of the TX antenna, and are the antenna gains of the transmitting and the receiving antennas, respectively, is the wavelength, and is the distance between the RX and the TX antennas. The calculated and the measured receiving power from the sample monopole and slot antennas at a transmitting power of 10 dBm are summarized in Table 2 . The calculated and the measured RX power levels were similar, and differences were increased in the lower RX power level with Diodes I and II for both monopole and slot antennas. The measured receiving power level of both the monopole antenna and the slot antenna increased linearly. The measured receiving power of the reference monopole antenna was 0.4 dB higher than that of the reconfigurable antennas with the MEMS switches and 1.6∼2.3 dB higher than that of the reconfigurable antennas with the PIN diodes (Diode I & II) as shown in Figure 19 and Table 2 . The order of the receiving power level was Reference > MEMS > Diode I > Diode II. Therefore, we can assume that the RX power loss of the reconfigurable monopole antenna with the MEMS switch is 0.4 dB and that of the diodes is 1.6∼2.3 dB. The PIN diodes (Diode I & II) were destroyed by an input power of 32 dBm (DPR), which is the same value in the PIN diode test of Figure 18 . Thus, the reconfigurable antennas with PIN diodes do not operate over that input power (32 dBm). The reconfigurable antenna with the direct-feed structure (monopole, etc.) has a power rating by series connection with the RF switches, and the linearity was maintained upon that power rating (DPR). In addition, the measured receiving power of the reference slot antenna was 1.8 dB higher than that of the reconfigurable antennas with the MEMS switches, and 2.7∼3 dB higher than that of the reconfigurable antennas with PIN diodes (Diode I & II) as shown in Figure 20 and Table 2 . The order of the receiving power level was the same as with the previous monopole antenna test: Reference > MEMS > Diode I > Diode II. Therefore, we can assume that the RX power loss of the reconfigurable slot antenna with the MEMS switch is 1.8 dB and that of the diodes is 2.7∼3 dB. Here, the reconfigurable slot antennas with the PIN diodes operated up to 35 dBm with normal diode operation. In the monopole structure using direct feeding, the switches were installed in the monopole radiator in series, and the antenna's input power directly passed through the switches in the ON-state. Thus, the switch operation can be limited by the input power level. In contrast, the switches in the slot structure using indirect feeding were mounted in the slot; in this case, regardless of the ON-and the OFF-state, the switches have no relation with the input power because the antenna's input power does not pass through the switches. Therefore, this experiment confirmed that the maximum power rating of the reconfigurable antenna can be determined by the antenna's feeding method (direct/indirect feed) and the maximum power rating of the RF switches. The operational tests of both the reconfigurable monopole and slot antennas verified that the reconfigurable antenna with general RF switches could be operated above 24 dBm (power class 3) or 27 dBm (typical cellular phone transmission power: power class 2). This is the maximum operating power of mobile terminals because the power rating is more than that value, and the commonly used RF switches such as PIN and MEMS operate linearly up to that input power level. The field distributions on the reconfigurable antenna with Diode I are shown in Figure 21 . Figure 21(a) shows the surface current density in cases where the switch is in the ON-state. The maximum surface current density was 420 (A/m) for the diode of the slot antenna and 250 (A/m) for the monopole antenna. The surface electric field intensity is shown in Figure 21 (b). The electric field intensity was 1,200 (V/m) for the diode of the slot antenna and 5,000 (V/m) for the monopole antenna. The monopole antenna representing the direct-feed type had higher electric field intensity on the diode than that of the slot antenna with the coupled-feed type. The power through the diode was 0.5 W for the slot antenna and 1.25 W for the monopole antenna. Therefore, the directly exited RF power to the RF switch of the direct-fed antenna was higher (0.75 W) than that of the coupled-type antenna. All the results in Figure 21 were simulated using the commercial electromagnetic simulation HFSS of Ansoft Inc. Although the diode switches exhibit a higher loss and a lower power rating compared with mechanical switches such as the MEMS switches; however, diodes are widely used in many applications due to their comparable performance in terms of linearity and power rating and their low cost. Diode switches are also beneficial for use in simple biasing circuits.
Conclusion
In this paper, we analyzed the RF performances of reconfigurable antennas with respect to the linearity and the receiving power. We simulated and measured monopole (direct feed) and slot (indirect feed) antennas employing RF switches (an RF MEMS switch and two PIN diodes). We designed a biasing circuit, which we embedded in each antenna, and simulated the performance of the antenna. We measured the reconfigurable antenna in the far-field condition in an anechoic chamber. The receiving power level difference between the reference antenna and the reconfigurable antenna was 0.5∼ 3 dB; the order of the receiving power level was Reference > MEMS > Diode I > Diode II because the RX power loss of the reconfigurable antenna was reversed in the order of Diode II > Diode I > MEMS > Reference. The measured receiving power level of the reconfigurable antennas linearly increased up to the maximum power rating of the reconfigurable antenna. Also, we confirmed that the maximum power rating of the reconfigurable antenna is 33 dBm for monopole (direct feed), and this can be determined by the antenna's feeding method (direct/indirect feed). In addition, we experimentally verified that the reconfigurable antenna with general RF switches could be operated above 24 dBm (power class 3) or 27 dBm (typical cellular phone transmission power: power class 2), which is the maximum operating power of mobile terminals, and that they operate linearly up to that input power level. Thus, we confirmed that the reconfigurable antennas with the RF switches can be applied in mobile terminals to provide multiple services due to their less operation power than the rating and conserving linearity up to the max power. Although we found that the RF-MEMS switch is an appropriate device for reconfigurable antennas, it would be worthwhile to address issues related to cost, reliability, and the complexity of the biasing scheme, and so forth. Bearing these in mind, we can consider that the diodes are more appropriate devices than the MEMS switches, especially for mobile phones. To date, this study is the first to attempt to explore the RF characteristics of reconfigurable antennas. The scientific approach and design examples used in this paper are expected to be widely employed for reconfigurable antenna designs.
